, S. L.; Grogan, T.; and Qazilbash, M. M., Broadband nearfield infrared spectroscopy with a high temperature plasma light source (2017). OPTICS EXPRESS, 25(17 Abstract: Scattering-type scanning near-field optical microscopy (S-SNOM) has enormous potential as a spectroscopy tool in the infrared spectral range where it can probe phonon resonances and carrier dynamics at the nanometer lengths scales. However, its applicability is limited by the lack of practical and affordable table-top light sources emitting intense broadband infrared radiation in the 100 cm −1 to 2,500 cm −1 spectral range. This paper introduces a high temperature plasma light source that is both ultra-broadband and has much more radiant power in the infrared spectral range than conventional, table-top thermal light sources such as the globar. We implement this plasma lamp in our near-field optical spectroscopy set up and demonstrate its capability as a broadband infrared nano-spectroscopy light source by obtaining near-field infrared amplitude and phase spectra of the phonon resonances of SiO 2 and SrTiO 3 .
Introduction
Circumventing the diffraction limit of light using scattering-type scanning near-field optical microscopy (S-SNOM) has proven to be a powerful technique for probing the local nanoscale optical properties of solids. Its recent applications as a nano-imaging tool have employed mid-infrared frequencies while circumventing the diffraction limit by nearly three orders of magnitude [1, 2] . By using broadband illumination with asymmetric Fourier transform infrared (FTIR) spectroscopy, local near-field spectra with nanometer scale spatial resolution have been obtained [3] [4] [5] . S-SNOM is based on an atomic force microscope (AFM) operated in tapping mode in which light is focused on to the metallic AFM tip in close proximity to the sample. The tip-sample interaction is encoded in the scattered optical signal which is then measured in the far-field with a photodetector. The ratio of the backscattered power compared to the incident power at the tip is ηB ≈0.02, and the useful near-field signal is an even smaller fraction f N of η B , estimated to be f N ≈0.003 for a standard tip over gold [6] . Since the ratio of the scattered near-field signal to incoming light at the tip is so small, it is necessary to use high intensity light sources.
Broadband nano-spectroscopy in the far-and mid-infrared spectral range is challenging because of the limitations of existing high intensity light sources. The use of tunable, monochromatic lasers allows for high signal but is limited by the available wavelengths and obtaining a high-resolution broadband spectrum requires significant time [7] . Quantum cascade lasers (QCLs) have been implemented with S-SNOM and have the ability to quickly scan through wavelengths but have a narrow spectral range [8, 9] . Difference frequency generation provides a stable high intensity beam in the mid-infrared but needs to be tuned to different wavelength ranges to get the full spectrum and currently has a low frequency cutoff of ~550 cm −1 (18 μm wavelength) [10, 11] . Thermal blackbody light sources like the globar provide a large spectral bandwidth but low intensities. Hence, significant integration time is required to obtain data with a globar and there is no usable intensity below ~750 cm −1 for broadband S-SNOM [12, 13] . Previously, a globar was implemented as a broadband infrared source in our own near-field experimental setup. We were able to resolve phonon resonances in SiO 2 and SiC in the mid-infrared but the signal-to-noise level was very low and integration times of a few hours were required. Synchrotron light sources provide spatially coherent intense broadband light that is currently the highest intensity and widest bandwidth infrared source for nano-spectroscopy [2, 14, 15] . However, experiments require beam time at the synchrotron that is highly competitive to obtain and is generally of limited duration. Moreover, travel and accommodation costs are generally borne by the users. These issues make it challenging to do in-depth, long-term studies on samples at synchrotron beamlines, and also make it difficult to implement modifications and improvements to equipment that are better suited for table top set-ups.
A wall stabilized plasma light source has shown potential as a high intensity broadband light source in both the far-field and the near-field. However, there is only one published work using this light source for near-field infrared spectroscopy. Moreover, the startup procedure for this light source requires a manual shorting of the arc, there are reports of "violent sputtering episodes" at the anode, and the required input power to sustain the arc is on the order of kilowatts [16] [17] [18] . The most common type of commercial plasma light sources are the xenon high pressure plasma lamps which are useful as a broadband source for the near-infrared, visible and ultraviolet i.e. frequencies higher than 2,500 cm −1 . However, these lamps do not provide intensity in the mid-and far-infrared due to the plasma being encased in a quartz bulb which is opaque to these wavelengths. There is a need for a practical and affordable table-top light source that is ultra-broadband and covers the spectral range of ~100 cm −1 -2,500 cm −1 to allow the exploration of materials at the nanoscale by probing infraredactive phonon resonances and electronic properties.
Infrared spectroscopy has been commonly used to probe infrared-active phonons and charge dynamics in materials. However, many materials have been shown to exhibit phase coexistence at length scales much smaller than the diffraction limit of infrared light. Infrared nano-spectroscopy techniques are necessary to properly understand the charge and lattice dynamics of these nano-domains that exist in a number of materials, for example, the oxides of vanadium and manganese as well as in the ternary alloy In1-xGaxN [19] [20] [21] [22] [23] . Recently, an S-SNOM setup has demonstrated that there is nanoscale phase coexistence of two crystallographic phases known as the thin film phase and bulk phase of pentacene [24] . It is shown through nano-imaging and point spectroscopy in the mid-infrared that there is bulk phase nucleation of pentacene during the growth of the expected thin film phase as well as during sample storage. In the mid-infrared it has been shown that the local absorption spectrum of silicon nitride nanoislands can be observed using S-SNOM [25] . To have the ability to probe nanoscale domains with broadband infrared spectroscopy in the far-infrared and mid-infrared spectral range would allow these types of experiments to be performed on a number of materials to discover and explore nanoscale phenomena that may also have significant potential for applications. Researchers will be able to probe the crystallinity of thin films over a broad spectral range, allowing the testing of the effectiveness of different growth methods. Moreover, the technique can be employed for nanoscale identification of materials, and quality control and characterization of nano-devices.
In this work, we introduce a new table-top light source that has significant potential as a broadband high intensity source of mid-infrared and far-infrared frequencies for microscopy applications. Our electrode stabilized argon plasma light source (APLS) is described, and its emission spectrum is characterized using an FTIR spectrometer and compared to the well-known globar source. Then we employ the APLS for broadband nano-spectroscopy in the mid-infrared spectral range by resolving the phonon-polariton resonance in SiO 2 using a calibration grating of 100 nm of SiO 2 on Si (μmasch TGXYZ02). Finally, we demonstrate this argon plasma lamp's potential as a far-infrared light source by resolving a phononpolariton resonance in bulk, crystalline strontium titanate (SrTiO 3 ). The spectra measured at room temperature are compared to the point dipole model and the finite dipole model using known literature values for the dielectric functions of SiO 2 and SrTiO 3 [26] [27] [28] . A noble gas plasma radiates bremsstrahlung (or free-free radiation) that is primarily from deceleration of free electrons due to interactions with ions, atoms and other electrons [29] . From the near-infrared to the ultra-violet, there is a continuum of bremsstrahlung radiation as well as intense, discrete atomic emission lines whose frequencies depend on the noble gas. In the far-infrared and much of the mid-infrared there is also significant continuum bremsstrahlung radiation but fewer atomic emission lines. Our home-built, electrode stabilized APLS has been constructed similar to a conventional short-arc lamp. One important difference from the conventional short-arc lamp is that the APLS is housed inside a sealed aluminum vessel with an infrared transparent window to allow access to the mid-infrared and far-infrared frequencies. A schematic representation of the APLS can be seen in Fig. 1 . A high voltage pulse is applied to two tungsten electrodes 2 mm apart in high purity argon gas at a gauge pressure of one atmosphere. This causes an arc discharge to occur between the electrodes which is then sustained by a current of about 7 amperes. The input power to this lamp is about 90 W. The electrodes are in thermal contact with the water-cooled aluminum vessel but electrically isolated from it. A potassium bromide (KBr) or zinc selenide (ZnSe) window is clamped to the vessel to allow for infrared optical access to the plasma emission. Viton o-ring seals are used for isolating the high purity argon gas inside the vessel from atmospheric contamination. The light emission from the plasma is steered into a port of our Bruker Vertex 80v FTIR spectrometer using two off-axis parabolic mirrors. The first parabolic mirror collimates the beam which is then filtered through a germanium disk to eliminate the unwanted near-infrared and visible portion of the spectrum. The spectrum is measured using a KBr beam splitter and a liquid nitrogen cooled Mercury-CadmiumTelluride (MCT) photoconductor (Infrared Associates) with a KRS-5 window, and a 1 mm x 1 mm element. In Fig. 2(a) , we plot the measured spectrum of the APLS. In the same figure, we also plot the spectrum of the globar source which radiates as a 1320 K blackbody. The globar spectrum was measured without the germanium filter. The absolute transmission of the germanium filter was also measured in the FTIR spectrometer. The lower cutoff of the APLS spectrum at ~500 cm −1 is due to the KBr beam splitter, the MCT detector, and ZnSe window of the APLS, and the upper cutoff at ~5,800 cm −1 is due to the germanium disk. The APLS spectrum displayed in Fig. 2(a) has been corrected for the reduced transmission through the ZnSe window and the germanium disk to demonstrate the radiance of the plasma relative to that of the globar. This was done so that the radiance of the plasma can be seen independent of the choice of window and filter. The radiance of the APLS plasma in the region below 1000 cm −1 ranges from about 7 to 10 times that of the globar. Based on this relative radiance, we say that our effective plasma temperature is about 9000 K or higher. By taking the ratio of two successive measurements of the spectrum, 100% lines were obtained (Fig. 2(b) ) to demonstrate the stability of the APLS compared to that of the globar. The APLS demonstrates highly stable intensity suitable for spectroscopy and microscopy rivaling the stability of the globar. The APLS is a highly stable light source because of the effective suppression of convection currents. The data from the APLS shown in Fig. 2 establishes this source's potential as an intense and stable mid-infrared and far-infrared light source. It is expected that there is significant intensity in the far-infrared below our lower measurement cutoff frequency [29] . Finally, due to the "short arc" electrode stabilized geometry of our lamp, the "hot spot" of the plasma, a volume that has the highest infrared emission, is estimated to be about 300 to 500 μm in diameter. This means that the APLS is closer to a point source than a globar making it more suitable for microscopy applications [30] .
Experiment

Argon plasma light source (APLS)
Broadband near-field infrared spectroscopy
The nano-spectroscopy setup primarily consists of a commercial S-SNOM from Neaspec GmbH and our APLS. Figure 3 (a) shows a schematic representation of our beam path. The light from the hot spot of our argon plasma is collected and collimated with an off axis parabolic mirror with a 2 inch focal length. It is then incident on an indium tin oxide (ITO) coated glass planar mirror with a 45 degree angle of incidence. The ITO mirror significantly reduces the unwanted near-infrared and visible portion of the spectrum in the reflected light. Thereafter, the beam is focused through a 300 μm pinhole by a second 4 inch focal length offaxis parabolic mirror to improve the spatial coherence of our beam and to ensure we are aligned to the hot spot of the plasma. After the pinhole, the light beam is collimated using a one inch focal length off axis parabolic mirror, setting the beam diameter to ~10mm, and sent into our broadband S-SNOM system. The beam power after the pinhole is measured to be ~0.8 mW in the spectral range between 400 cm −1 and 5,800 cm −1 . The S-SNOM set-up consists of an atomic force microscope employing a metallic coated AFM tip and an asymmetric FTIR interferometer. The incoming collimated infrared beam is incident on a ZnSe beam splitter sending part of the beam to the movable reference mirror and the other part of the beam to a parabolic mirror which is used to bring the beam to a focus on the tip and to collect and collimate the backscattered light. The backscattered and the reference beams are recombined at the beam splitter and brought to a focus on a liquid nitrogen cooled MCT detector. For the SiO2 sample we use an AFM tip with a radius of about 15 nm (Arrow-NCPt) and a liquid nitrogen cooled photovoltaic MCT (Kolmar KLD-0.1-J1/208) with a ZnSe window and a spectral bandwidth of 750cm −1 -3000 cm −1 . For the SrTiO 3 (STO) sample we use a liquid nitrogen cooled broadband photoconductive MCT (Infrared Associates FTIR-22-0.100) with a spectral bandwidth of 450 cm −1 -5,000cm −1 . This is a similar detector to the one used with the Bruker in the far-field but has a 0.1 mm x 0.1 mm element size, a KBr window with moisture-resistant coating, and a preamp with 1 MHz bandwidth. Due to the lower detectivity of the broadband photoconductive MCT compared to the narrowband photovoltaic MCT, we used a larger 50 nm radius tip (PPP-NCSTAu) to enhance the near-field signal when measuring the STO sample. The AFM is operated in tapping mode which modulates the infrared signal at the tapping frequency and higher harmonics of our tip. The tapping frequency (Ω) of the Arrow-NCPt is ~240 kHz while the tapping frequency of the PPP-NCSTAu is ~120kHz. Since the near-field signal scales non-linearly with tip-sample distance, it is also present in the higher harmonics (nΩ) of the cantilever oscillation frequency. The far-field background scattering from the tipcantilever-sample system is suppressed by demodulating our signal at higher harmonics of the cantilever oscillation frequency [3] . We demonstrate that we exclusively measure the nearfield signal by taking an approach curve on gold which is shown in Fig. 3(b) . This approach curve is obtained by setting the reference arm to the white light position (the position of maximum constructive interference), and recording the signal as we retract the sample away from the tip. This demonstrates the expected non-linear decay in the near-field infrared signal (s2) demodulated at the second harmonic of the AFM tip oscillation frequency. To record our spectra on gold, Si, SiO 2 and STO, we move the reference mirror a total distance of 400 μm i.e. 200 μm on both sides of the white light position. This leads to an optical path difference of 400 μm yielding a spectrum with a resolution of 25 cm −1 . Figure 3 (c) shows an interferogram recorded over gold with the Arrow-NCPt tip and Kolmar photovoltaic MCT. Fourteen scans were averaged with a 200 ms reference mirror step time taking 256 total data points per scan resulting in a total acquisition time of ~12 minutes. Figure 3(d) is the resultant spectrum generated by fast Fourier transformation of the interferogram.
Results
Firstly, we demonstrate that the spatial resolution of our setup is on the order of the AFM tip diameter and not limited by the diffraction limit of the tip illumination wavelength. We set the reference arm to the "white light position" i.e. the position of maximum constructive interference. We then take an AFM topography scan (Fig. 4(a) ) across the edge of 100 nm of SiO2 on silicon. The second harmonic of our near-field signal is simultaneously recorded (Fig. 4(b) ). Although SiO 2 has a phonon-polariton resonance, the total integrated signal of silicon is higher than the total integrated signal of SiO 2 . This contrast can be explained by the higher average refractive index of silicon (in the wavelength range of the incident infrared radiation) when compared to SiO 2 [13] . By taking a line trace across this border we see that while the topography line trace (Fig. 4(c) ) shows a decrease in height when going from SiO 2 to Si, the near-field signal (Fig. 4(d) ) has a sharp increase within about 50 nm, well below the diffraction limit of the range of mid-infrared wavelengths that are illuminating the tip. represents the same location for the near-field scan. In (d) we can see that moving off the SiO 2 step and onto the Si substrate there is a sharp increase in signal over about 50 nm which is about two orders of magnitude below the diffraction limit of the tip illumination wavelength range. The change in the near-field signal is solely due to the difference in the dielectric function of Si and SiO 2 and not due to a change in the height between the two materials.
To demonstrate the APLS capability as a broadband light source for nano-spectroscopy, the tip was centered at the positions indicated by the red letters in Fig. 4(b) . Figure 5 represents the spectrum of SiO 2 normalized to a Si reference spectrum. Data was obtained at the second harmonic demodulation using a 15 nm radius tip with a tapping amplitude of 65 nm, and spectral resolution of 25 cm −1 . The near-field infrared amplitude (Fig. 5(a) ) shows the well-known phonon polariton that peaks at 1130 cm −1 agreeing well with other measured results [7, 13, 15] . We are also able to resolve phase data (Fig. 5(b) ) with our nanospectroscopy setup and both our amplitude and phase data have the expected semiquantitative agreement with the point dipole model and finite dipole model [3, 28] . Fig. 3(b) . The SiO 2 spectra were collected at point A and normalized to a spectrally flat silicon spectrum taken at point B. Comparing the experimental data (black) to the point dipole model (magenta) and finite dipole model (blue) we can see a semi-quantitative agreement.
To study the near-field spectrum of STO with reference to gold, 70 nm of gold was deposited on to a portion of a bulk STO substrate. The STO amplitude and phase shift were acquired and then normalized to data from the gold film. Here we used a 50 nm radius tip, 75 nm tapping amplitude, and spectral resolution of 25 cm −1 . The STO near-field amplitude and phase shift data is plotted in Fig. 6 with the inset in Fig. 6 (a) demonstrating that we can see the resonance in the second, third, and fourth harmonics. Due to the significant suppression of the background at these higher harmonics, we can conclude that the peak is a near-field resonance. A peak in the normalized near-field infrared amplitude is seen around 640 cm −1 in Fig. 6(a) . The finite dipole model matches the experimental amplitude better than the point dipole model. However, the experimental phase shift plotted in Fig. 6(b) is in better agreement with the point dipole model. The quantitative differences between the experiment and the models can be attributed to one or more of the following reasons: the more prominent noise level in this spectrum due to the lower signal-to-noise from the wider band photoconductive MCT; atmospheric absorption due to water vapor and CO 2 below 700 cm −1 ; the 25 cm −1 spectral resolution; the models being simplified versions of tip-sample near-field interaction, and hence only giving a semi-quantitative estimate of the magnitude and position of the near-field resonances; and the uncertainty in the measurements of the dielectric function of STO in published sources. Note that our experimental data shows a clear resonance peak, and to our knowledge, this is the first experimental demonstration with S-SNOM of a near-field phonon polariton resonance in STO. 
Summary and outlook
With the introduction of our APLS, we have demonstrated that it is a highly broadband infrared light source capable of being used for nano-spectroscopy from the far-infrared to the mid-infrared spectral range. Sub-diffraction limit point spectra and near-field images were obtained at the second harmonic optical demodulation demonstrating the phonon-polariton resonance in SiO 2 with very good agreement consistent with previously published literature. The expected phonon-polariton that occurs in bulk STO was experimentally observed to occur around 640 cm −1 . We have demonstrated that our nano-spectroscopy set up can take spectra down to 500 cm −1 , the cutoff imposed by the ZnSe beamsplitter. Currently the upper limit seems to be the atmospheric absorption bands which occur above 1400 cm −1 . Future improvements that will be implemented include enclosing the entire near-field set up in dry, CO 2 -free air. This will reduce atmospheric absorption and will extend our spectral range past the atmosphere lines above 1400 cm −1 . Moreover, there is potential for implementing other combinations of detectors, beam-splitters, and infrared transparent windows in the future to explore the spectrum of the APLS in the sub-500 cm −1 spectral range. This will enable acquisition of near-field spectra of lower frequency phonons in many materials.
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